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1. INTRODUCTION

During the early stage of the gun interior ballistic cycle, the crucial process is the propagation of an
ignition or flame front through the packed bed of unburned propellant grains or sticks. Few concems arise
as long as the flamespreading process is rapid and reproducible. However, if the solid propellant happens
to be difficult 1o ignite (e.g., low vulnerability propellant), or if the strength of the ignition system is
marginal, significant delays can arise in the propagation of flame through the propellant bed. Delays in
flamespreading often lead to combustion chamber conditions that promote large amplitude pressure waves
(e.g.. Horst 1983). Diagnosing and correcting anomalous behavior associated with ignition and
flamespreading would be much easier with a better understanding of the entire process.

The convective ignition process in many gun systems is dominated by a three-dimensional flow field
as the result of the combustion chamber geometry, a center-core igniter, a projectile base which protrudes
into the chamber, ammunition in separate bags, etc. Under these conditions, it is difficult to examine
fundamental aspects of the process when the event is accompanied by an anomalous time delay. The
present study is a deliberate attempt to remove these complications by employing a laboratory device with
simplified geometry which encourages combustion within a compacted granular bed to propagate
essentially as a planar wave.

A primary focus of this investigation is directed toward low vulnerability propellants, often referred
to as LOVA propellants. The reduced vulnerability to various hostile threats is often associated with (a) a
higher threshold for thermal ignition and (b) slower burning rates at low pressure. However, these very
properties can also create difficulties in the ignition sequence of the gun system as discussed, for example,
by Horst (1983). Since in many ways, the propagation of a convective ignition front through a bed of
granular energetic material is poorly understood, it is not surprising that theoretical descriptions in various
interior ballistic models are rather elementary. As a result, the models have not had much success in
predicting scenarios involving pronounced time delays associated with establishing combustion. A data
base from the present experiment should be helpful in validating improved models.

A discussion of a number of previous experiments that address ignition of a single grain and
compacted aggregates can be found in Kooker, Chang, and Howard (1992). An important departure from
much of the previous work is that the current experiment is not intended to simulate a particular primer,
or to evaluate the performance of a class of igniter materials. The object. /e here is to understand ignition
and longitudinal flamespreading in a bed of granular gun propellant. Features of the design were first




discussed in Kooker, Chang, and Howard (1992). An attempt was made to design a closed-volume
apparatus witil an ignition source that generates a planar wave composed of gas-phase products only, and
would permit the gas composition of the igniter gases to be altered. An ignition stimulus that includes
condensed-phase products is known to be effective, but these condensed-phase products are difficult to
describe in a theoretical model. The present design deliberately promotes an ignition stimulus comprised
of gas-phase products, which should allow a data base generated from this experiment to be compared 1o
interior ballistic model predictions. The chamber volume is closed (as opposed to a flow-through device)
to simulate conditions in the gun combustion chamber that will trap and retain all pyrolysis products from
the solid propellant. Finally, the ignition wave should have a rise time of 2-4 ms and maintain a pressure
level within the range of 1-4 MPa for the purpose of recreating the marginal ignition environment
suggested by the simulator experi 'nts of Chang and Rocchio (1988).

The current chamber design shares several ideas with the early Penn State experiment which may be
the first attempt to employ a controlled environment for siudying convective ignition and flamespreading
in a granular propellant bed (Kuo et al. 1976; Kuo and Koo 1977). Because of interest in small-caliber
ammunition, the granular propellant was confined in a section of a 30-cal. rifle barrel. Ignition was
accomplished by spark-igniting an H,/O, mixture held in an adjacent chamber; combustion gases driven
through a nozzle plate formed the igniter wave in the flow chamber. The time-history from the wall-
mounted pressure transducers gave clear evidence of a steepening pressure front propagating through the
chamber, which is an important result from this work. All data, however, were generated from a single
granular propellant, and hence, it is not possible to draw general conclusions about many aspects of
convective ignition.

Of particular interest in the present study are propellants with distinctly different low-pressure flame-
zone characteristics, such as the LOVA solid propellant M43 (RDX, CAB and NC) and the triple-base
propellant M30A1 (NQ, NC, and NG). Recall that for M43 in the pressure range up to 4 MPa, the visible
final flame zone appears to stand above the propellant surface, separated by a "dark zone” (e.g., see
discussion in Vanderhoff et al. {1992] and Miller [1992, 1993]). Double-base solid propellants also exhibit
this characteristic. By contrast, in the same pressure range, M30A1 shows evidence of a vigorous visible
flame zone at or close to the propellant surface (Miller 1993). The current authors feel that these
differences in flame structure at low pressure could have a major influence on the behavior of the solid
propellant in a convective ignition environment. The present study hopes to eventually unravel how the
chemical decomposition process interacts with the fluid mechanics.




2. FLAMESPREADING CHAMBER EXPERIMENT

Figure 1 is a schematic of the dual chamber apparatus designed to meet the objectives stated in
section 1. The operation is straightforward. A small quantity of ball powder is burned in the igniter
chamber which is sealed by a diaphragm and a multiple-nozzle plate from the flow chamber which
contains the sample granular material. When the diaphragm bursts, combustion gases initially confined
in the igniter chamber are driven through the nozzle plate forming a planar wave of hot gases which
propagates through the flow chamber. The rise time and strength of the ignition wave are functions of
the amount of ball powder bumed in the igniter chamber, the burst pressure of the diaphragm covering
the nozzle plate, the size of the nozzle holes, etc. In the present series of experiments, the plastic liner
(which permits cinematography through openings in the outer steel chamber) was replaced by a
12.7-mm-thick aluminum liner. R,
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Figure 1. Schematic of flamespreading chamber apparatus with igniter chamber detail.

Naovzic Plate

The inside diameter of the igniter chamber is 69.8 mm (2.75 in) and, in the present configuration, the
length or height is 35 mm (1.375 in). However, various length intemal sleeves can be used to adjust the
height (hence, volume) as an additional control on the pressurization rate. A 12.7-mm-thick steel (0.5-in)
nozzle plate with 101 holes (2.38-mm diameter) separates the igniter chamber from the flow chamber.




The flow chamber contains an aluminum liner with an inside diameter of 76 mm (3 in) and a length of
304.8 mm (12 in). A 9.5-mm-thick (0.375-in) acrylic blowout disc at the far end of the flow chamber
limits the maximum chamber pressure. Pressure time-history of the chamber event is recorded by four
wall-mounted Kistler 211B1 pressure transducers; P, is in the igniter chamber, and the other three are in
the flow chamber, separated by 101.6 mm (4.0 in). P, is located 19 mm (0.75 in) into the flow chamber,
P, is at 120.6 mm (4.75 in), and P, is at 222 mm (8.75 in).

The diaphragm covering the nozzle plate must retain its integrity while pressure builds in the igniter
chamber and combustion of the ball powder is well under way. An additional problem is to prevent the
buming ball powder from being entrained into the flow through the nozzle plate and, hence, entering the
flow chamber to create a two-phase ignition environment. Figure 1 is a schematic of the current system.
Typically, 5 g of Olin ball powder (undeterred sieved WC-870, average particle diameter of 0.775 mm)
are placed within a 38-mm-diameter (1.5-in) aluminum "cup" and then ignited near the top with a bridge
wire; to minimize heat loss, the cup is thermally insulated with a coating of white RTV. The diaphragm
system is multi-layered. Pressure sealing is done by two thicknesses of mylar (~4 mil/sheet) which cover
the nozzle plate. The other materials serve as a thermal shield to prevent hot ball powder particles, which
might escape over the side of the cup, from prematurely burning through the mylar discs before they reach
their burst pressure (two discs => ~16 MPa). Two layers of aluminum foil in the shape of a donut (inside
diameter = 50.8 mm) are placed directly on top of the mylar discs. Then the aluminum cup is surrounded
by another donut (inside diameter = 38 mm) of "fumace filter” material (spun glass wool) approximately
18 mm in height; this donut of filter material is covered on the top by a single layer of aluminum foil.
These thermal layers are essentially consumed during the operation of the igniter chamber, hopefully with
only a minimal contribution to the composition of the igniter gases.

To gain a better understanding of what happens during an anomalous ignition event, this chamber
experiment will monitor static pressure and temperature of the gases within the packed granular bed.
Measurement of gas temperature under these conditions is not a trivial task. The ignition event occurs
within a time interval of a few milliseconds to several tens of milliseconds, but significant temperature
changes can take place on a time scale of 1 ms. In addition, virtually any technique to measure gas
temperature within the packed bed will locally disturb or alter the bed.

Of the temperature measurement options available (c.g., McClure [1984]), the choice here is to use
a Type S thermocouple (platinum vs. platinum—10% rhodium) in a special holder. The maximum
temperature limit of a Type S is approximately 2,040 K. Hence, it should provide an adequate history




of an ignition and/or incomplete combustion scenario which is the objective of this study. Of course, upon
successful ignition, as the solid propellant grains transition to full combustion, the thermocouple will melt.
A serious problem is how to protect the structural integrity of a thermocouple placed within the packed
bed; all solutions involve compromise of some sort. The scheme adopted here (see Figure 1 and details
in Figure 2) is to mount the thermocouple(s) inside a hollow steel cylinder which has dimensions similar
to a typical solid propellant grain. In the current configuration, the hollow steel cylinder is rigidly
mounted to the chamber wall. Allowing it to float with the motion of the packed bed creates major
difficulties associated with maintaining wire connections and tracking position as a function of time. Two
thermocouples may be mounted within each hollow steel cylinder, which has a diameter of 8 mm, a length
of 11 mm, a wall thickness of 0.5 mm, with the axis of the cylinder held 34 mm from the chamber wall
(which positions the thermocouple near the center of the packed bed). The experimental apparatus
provides for two such thermocouple holders (see Figure 1), one located at the axial position of pressure
transducer P2 and the other at P3. Each thermocouple is "strung across” an inside diameter of the hollow
cylinder (like a clothesline) with the junction located near the cylinder axis; this configuration is held fixed
by applying a coating of clear NC-based lacquer with polyester resin to the inside of the hollow cylinder,
which also electrically insulates the thermocouple leads from the steel walls. The lead wires are fed
through the ceramic insulator within the sting mount (see Figure 2) and then connected to the outside
world. For additional information on deployment of the thermocouples, see Howard, Chang, and Kooker
(1994).
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Not yet addressed is the important question of evaluating response time of a thermocouple in a
transient flow field. Although a characteristic time can be computed for a given thermocouple suddenly
immersed in a constant-temperature stagnant or flowing gas field, these estimates are not reassuring when
the situation involves fast transients. In the present authors’ opinion, the only reasonable option is to
evaluate a series of thermocouples with increasing sensitivity in the identical transient environment. The
strategy adopted here was to mount two thermocouples of different diameters within the same holder, and
compare the response from each one during a typical operation of the experiment. In each evaluation run,
the chamber is filled with an inert "rubber-like" granular propellant simulant (see Table 1); the
thermocouples then monitored gas temperature generated by the ignition wave within the inert packed bed.
The general features of the ignition wave created when the diaphragm ruptures are illustrated by the
pressure curve in Figure 3. Choked flow through the nozzle plate drives the initial pressure rise in a time
interval of approximately 3 ms. When the nozzles unchoke, the pressure abruptly forms a plateau region
(at approximately 2.5 MPa in Figure 3) with variations due to competition between heat loss (to the steel
nozzle plate and to the initially cold propellant grains) and combustion of the remaining ball powder grains
in the igniter chamber which drives the hot gas wave (see discussion of model results in Kooker, Chang,
and Howard [1992]). The decay of pressure level during the 5-10 ms interval after unchoking is the result
of heat losses exceeding combustion driving; as propellant grains and nozzle plate increase in temperature,
the balance reverses which accounts for the slight increase in pressure level for the next 10 ms. Of course,
heat loss eventually dominates the long-time behavior and the pressure decays. However, the experiment
is able to hold gas pressure in a granular bed to within 20% of a constant level for over 50 ms.

Table 1. Properties of Solid Propellant Grains

MA] (7 Perf)

Properties/Propellant

Grain Length (mm) 243 28.5 13.9
Grain Diameter (mm) 10.7 12.3 843
Perf Diameter (mm) 0 (Solid Cylinder) 1.23 0.355
Density (g/cm?) ~1.60 1.67 1.65
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Figure 3. Comparison of temperature time-history from 2-mil and 3-mil thermocouples at mid-chamber
location P2, along with pressure time-history at P2. Chamber contains granular inert simulant.

Type S thermocouples with three different diameters (1-mil, 2-mil, and 3-mil) were evaluated for
response time. Figure 3 shows a 50-ms "window" of temperature time-history reported by a 2-mil and
a 3-mil thermocouple, both of which are mounted within the same holder at "mid-chamber” (opposite P2),
along with the pressure time-history from P2. Temperatures indicated on all the graphs are computed
directly from the manufacturers’ static calibration curve with no correction for radiation (our radiation
calculations suggest a temperature correction of 10-30 K). Both thermocouples indicate an abrupt
temperature rise just after the pressure transducer reports. However, the 3-mil thermocouple clearly lags
the response of the 2-mil thermocouple during the important initial 25-ms time interval after passage of
the ignition wave. (Note: the "mini-spike” reported by the 2-mil thermocouple in this run near a time
of 3 ms may be an artifact—probably caused by the ubiquitous thermocouple gremlin). This response lag
is responsible for an indicated temperature deficit of more than 200 K (during the initial 5-ms time
interval). It is important to look for evidence that these indicated temperature differences are indeed the
result of convective heat transfer to different diameter wires, and not spurious results of the measurement
system. Figure 4 is an extended-time plot of the same temperature time-history displayed in Figure 3.
The 2-mil thermocouple which reports higher temperatures up to a time of 40 ms, reports lower
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temperatures after that time until both thermocouple time-histories merge asymptotically at approximately
500 ms. This behavior is certainly compatible with higher heat transfer rates to the smaller diameter wire
(2-mil) which would imply higher temperatures during a rapid heating phase and lower temperatures
during a cooling phase. The thermocouples appear to behave in a rational manner. However, the slow
response of the 3-mil thermocouple is judged to be unacceptable for this transient experiment.

The chamber firings discussed above were repeated but with a 1-mil and a 2-mil Type S thermo-
couple mounted in the mid-chamber thermocouple holder. Results from the initial - as time window
are shown in Figure 5. As the temperature time-histories indicate, both thermocouples report the initial
rise nearly inphase (on this time scale). However, at the 1,000 K level, the 2-mil thermocouple is clearly
lagging the 1-mil, which continues to a peak of 1,300 K. The comparison shown in Figure 5 is the
general trend: during the initial 510 ms, the 2-mil thermocouple can under-report the temperature by as
much as 200 K (100-150 K is more typical), but after this initial time period, both thermocouples read
within approximately 50 K of each other. On the basis of this comparison, the 1-mil thermocouple
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should be the choice. However, the issues of strength and delicacy of the 1-mil lead wires (and the
additional time penalty associated with setup) forced a practical decision to proceed with 2-mil
thermocouples in the remaining experiments. Thus, temperatures reported in subsequent runs from the
2-mil thermocouples should be viewed as minimum values (by possibly 200 K) in the important initial
10-ms time interval.

3. RESULTS WITH GRANULAR SOLID PROPELLANT

The evaluation phase with inert granular simulant described in section 2 provides important
information about the ignition wave environment created in the chamber apparatus. Although several
additional questions remain, time and funding constraints dictated that the experiment proceed to the live
propellants, M30A1 and M43. With identical grain size, the ignition wave flow environment, at least for
early time, should be nearly the same. This is indeed the goal for the final evaluation experiments, and
will be possible hy selecting 7-perf, equal-sized cylindrical grains from a special batch of research
propellants (Miller 1992). For the present series of runs, however, no attempt was made to employ




equivalent grain size. The criteria here was based solely on availability, and, in fact, very diverse grain
sizes were used (sce Table 1). As will be seen later, this choice happens to illuminate an important aspect
of "time-to-ignition.”

3.1 M30A] Granular Propellant. The M30A1 propellant is a large, cylindrical 7-perf grain taken
from an XMI188 charge for the 8-in gun. Two packed-bed configurations were tested in the
flamespreading chamber. In the "full-up” configuration shown in Figure 6a, 1,138 g of propellant were
loaded into the chamber to a level 19 mm below the nozzle plate (initial porosity was 0.475). The 19-mm
void region is intended to keep the propellant grains out of the harsh supersonic/subsonic flowfield
adjustment downstream of the choked nozzle exit plane. Even with this provision, there was concem that
leading edge grains might be "torched” in an environment quite dissimilar to the rest of the bed. To
examine this influence, a second configuration was constructed (see Figure 6b) by removing an 82.5-mm
length of the propellant column and replacing it with a column of the inert granular simulant to form a
packed-bed buffer zone between the nozzle exhaust region and the leading edge of the live propellant bed.
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Figure 7 compares the pressure time-history (from the mid-chamber gage P2) from two tests with
granular M30A1, in the configurations of Figure 6. The characteristics of the igniter-driven wave are
nearly identical in both cases; the rise time is approximatcly 3 ms, leaving a pressure plateau at 2 MPa.
Ignition is successful in both configurations, with the full-up case (Figure 6a) showing an induction time
of 7-8 ms while the buffer-zone configuration (Figure 6b) indicates 12-13 ms. The rare of pressurization
is slower in the latter case primarily because the same chamber volume contains less energetic material.
In each run, gas-phase temperatures were reported by a 2-mil thermocopuple. There are some important
differences. The temperature time-history measured by the mid-chamber thermocouple (see Figure 8) in
the 6a configuration strongly suggests that some type of exothermic reaction (e.g., propellant pyrolysis
with incomplete energy release) accompanied the passage of the initial ignition wave. Unfortunately, this
thermocouple signal may have been drifting because the indicated ambient temperature is 400 K (not
correct). Furthermore, the thermocouple may have sustained some damage during the brief excursion to
the region above 2,000 K, and hence the values reported as combustion runaway (near 15 ms) are
suspicious. Figure 9 shows similar time-histories from a 2-mil thermocouple and wall-mounted pressure
transducer for the 6b configuration. The time-histories illustrated in Figure 9a are from the mid-chamber
location, and show a temperature rise from 300 K to approximately 1,200 K as the igniter-driven wave
passes over. Note that this temperature rise is not as abrupt as that seen at mid-chamber in the full-up
configuration. Then during the next 10 ms, the temperature continues to increase to 1,600 K before
runaway is in full progress. Figure 9b illustrates a similar comparison between the 2-mil thermocouple
and pressure transducer at location P3. At this depth into the bed, the temperature increase created by the
igniter-driven wave is quite modest and only rises to less than 1,000 K before the strong combustion wave
passes this location and blows the shear disc out of the chamber.

3.2 M43 Granular Propellant. The LOVA M43 propellant used here is a 19-perf cylindrical grain
with dimensions (see Table 1) roughly half those of the M30A1 grain. In addition, the surface of the M43
grain is coated with a thin layer of graphite which seems to promote aggregate formation (packing into
a bed) by reducing grain-to-grain friction forces. Apparently as a result, the initial bed porosity was found
to be close to 0.40. At this porosity in the full-up chamber configuration, the total propellant weight
would have exceeded the explosive weight limit of the test bay. Hence, the full-up configuration
illustrated in Figure 10 shows a 38-mm layer of inert granular simulant at the chamber bottom. Two other
configurations (only one of which is illustrated in Figure 10) include inert buffer zones adjacent to the
nozzle plate, and hence, do not require the bottom layer of inert simulant.
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Figure 11 compares the pressure time-history (from the mid-chamber gage P2) from three tests
containing granular M43 the 10a configuration (Figure 10a), a configuration with a 38-mm length of inert
buffer zone (analogous to Figure 10b, but not illustrated), and the 10b configuration. Several interesting
observations can be made here. The full-up configuration and the 38-mm inert buffer zone configuration
both ignited successfully; the configuration with the 82.5-mm inert buffer zone failed to ignite. A
surprising result is that "insensitive” M43 LOVA propellant in the full-up configuration shows virtually
no induction time or ignition delay, but M30A1 in the same configuration (discussed above) exhibits a
7-8 ms delay. This counter-intuitive result makes more sense when examining the whole flow
environment—particularly gas permeability of the packed bed. The bed formed by the small M43 grains
is significantly less permeabie than the bed formed by the large M30A1 grains. Given the same igniter
stimulus located 19 mm away from the edge of the propellant bed, the rate of pressure increase will be
much greater for the bed with low permeability. Hence, in the 10a configuration, the rapidly rising
pressure field near the leading edge of the low-porosity M43 bed creates a very favorable environment
for the ignition process—particularly for M43 which has shown some reluctance to ignite at lower
pressures. The fact that, in this configuration, M43 propellant ignites more readily than M30A1 propeliant
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serves to emphasize a very important concept: Time to ignition in a granular propellant bed is governed
by competition between the "flow residence time” and the "characteristic time for chemical reaction” (the
ratio being a Damkohler number). The lower permeability of the M43 bed leads to a longer "flow
residence time" while the rapidly rising pressure reduces the "characteristic time for chemical reaction”.
Although neither characteristic time has been determined here, the current results demonstrate that flow
environment adjustments which increase flow residence time and/or shorten the chemical reaction time
will decrease the time to ignition.

The pressure time-histories shown in Figure 11 provide a brief overview of the M43 behavior, but the
experiments provided much additional information. For the run involving the full-up configuration, the
2-mil thermocouples at locations P2 and P3 both responded to the passing combustion wave by abruptly
exceeding their maximum values (i.e., melting). However, the three wall-mounted pressure transducers
easily witnessed the flame propagation event and reported the time-histories shown in Figure 12. The
speed of flame propagation (based upon the time to attain the 2-MPa level) is approximately 162 m/s and
nearly uniform through the chamber. Note that gage P3 senses rupture of the shear disc at a pressure level
of approximately 9 MPa, and the resultant release wave halts the pressurization process.
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The M43 run based on the configuration with a 38-mm inert buffer zone produced a "hang-fire"
ignition event with an induction time delay of more than 40 ms. Figure 13 compares the pressure time-
history from P2 with the temperatures reported by a 2-mil thermocouple at the same location. Apparently
the igniter wave induces some type of exothermic response from the propellant, since the thermocouple
reports a gas temperature excursion to near 2,000 K. This response is quite similar to that exhibited by
M30A1 in the full-up configuration (see Figure 8). In the present M43 run, as the gas pressure in the bed
stabilizes near 3 MPa, the gas temperatures decline to 1,000 K and continue to decay toward 800 K
(Note: the oscillations in temperature in Figure 13 are probably not physical, but are attributable to the
interference of line noise [16.7 ms/cycle]). At approximately 43 ms, the combustion process, which has
been hanging in the balance for 40 ms, roars to life as witnessed by both the thermocouple and pressure
traasducer.

The M43 run based on the 10b configuration (82.5-mm inert buffer zone) failed to ignite. Here,
failure includes a 45-min waiting period during which gas temperature in the packed bed was monitored
by the "in situ” thermocouples. It is important to emphasize a major effect of changing the length of the
inert buffer zone ahead of this M43 granular bed. Since the grain size of the granular inert simulant is
larger than the M43 propellant, increasing the length of the buffer zone adds a more porous section of bed
adjacent to the igniter system. Assuming the igniter strength is unaltered, the igniter gases have a larger
volume to expand into which lowers the pressure plateau level seen by the propellant bed. Note in the
present case, increasing the buffer zone length from 38 mm to 82.5 mm lowers the pressure level from
3 MPa to 2 MPa. This change in pressure level could have a significant influence on the gas-phase
chemical kinetic rates associated with decomposition schemes currently proposed for propellant dark zones
(Vanderhoff et al. 1992). Gas-phase temperature time-history recorded by a 2-mil thermocouple at
location P2 is shown over a 100-ms window in Figure 14 along with the corresponding pressure. Note
that the gas temperature at mid-chamber reaches 1,100 K with the arrival of the igniter wave, but decays
from that time on. At the lower location, the gas temperature (not shown in Figure 14) does not exceed
625 K. Again, note that the indicated temperature oscillations are most likely the result of line noise and
hence not physical.
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3.3 Simulation with the XKTC Interior Ballistic Code. A future goal of this effort is to employ or

develop a two-phase reactive flow model which can simulate the ignition and flamespreading behavior
observed in the current experiment. A simple lumped-parameter (zero-dimensional) model of the dual
chamber with bursting diaphragm was discussed in Kooker, Chang, and Howard (1992). Although the
model was helpful in understanding the behavior of the diaphragm and nozzle-plate igniter system, it has
no provision for the granular solid phase in the flow chamber, and it does not address any aspect of wave
motion. Although upgrading this model is still an option, a modest attempt was made to use the
XNOVAKTC Code (Gough 1990) which has enjoyed considerable success in various interior ballistics
applicaticzs. Unfortunately, no easy way could be found to mimic the dual-chamber nature of the
flamespreading apparatus, where a fine-grained solid begins buming in the sealed igniter chamber until
reaching a burst pressure to start the nozzle flow. As a compromise, the current XKTC simulations ignore
the igniter chamber (and nozzle plate) altogether and merely assume an igniter function at one end of the
ch.™ er containing the packed bed. Guided by results from the lumped-parameter model and
experimental measurements, the XKTC igniter mass function was chosen to match typical pressure time-
histories recorded by the three transducers in the chamber filled (except for 19 mm) with inert granular
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simulant, subject to the constraint that 80% of the igniter mass (5 g total) is liberated in 3 ms. Clearly,
uniqueness has been sacrificed here. A comparison with typical pressure transducer data is shown in
Figure 15. No attempt was made to produce an exact match with these data since normal run-to-run
variations in the igniter diaphragm burst process as well as loading the large grains into the chamber could
account for these differences. Although the experimental pressurization event at P1 is only approximated
here (the predicted overshoot character is similar to several other runs however), wave propagation through
the compacted bed is predicted fairly well. Note also that the rate of pressure decay for time greater than
3.5 ms virtually parallels the experimental data, which seems to validate the code’s description of heat loss
to the granular bed and chamber walls. At this point, the properties of the igniter mass function were held
fixed in all subsequent runs.

With this igniter function determined, an attempt was made to simulate the behavior of M30A1
granular propellant when confined in the full-up chamber configuration. Figure 16 is a plot of pressure
time-history at the three gage locations (P1, P2, and P3), and compares experimental data with an XKTC
prediction which assumes the same chamber configuration but suppresses ignition of the granular M30A1
propellant. Although the predictions at early time overshoot the experimental pressure data somewhat,
the general behavior of the ignition wave is captured—including the pressure plateau level of 2 MPa.
Note that the large-grain M30A 1 forms a more permeable packed bed than the inert grains, which explains
why the pressure plateau level decreases from that shown in Figure 15 (even though the igniter function
is held fixed). The comparison in Figure 16 clearly shows that the pressure level beyond 7 ms is being
augmented by some type of combustion process. The difficulty is that this "plateau-then-runaway”
pressure behavior could not be simulated with XKTC operating under the usual assumptions, i.e., ignition
occurs when the surface temperature of the propellant grain (heated as an inert solid) exceeds a threshold
value, and the combustion process converts solid material directly to final products (no finite-rate
chemistry) with full heat release. In fact, operating under these assumptions, there is a razor-thin boundary
between successful ignition and failed ignition as illustrated by the two sets of pressure time-histories (at
the three chamber gage locations) plotted in Figure 17. The code does not predict a response between
these two extremes. Now of course, the actual propellant combustion process does proceed at some finite
rate (as a result of competition among many rates), which is usually much faster than the concurrent flow
processes. Thus, one possible conclusion from the comparison shown in Figure 16 and the predictions
shown in Figure 17 is that, at these pressure levels, the finite-rate process which controls heat release
during transient combustion of M30A1 propellant is slow enough to be the rate-limiting event in this
convective flow field. At these same pressure levels, this would be equally true for M43 propellant whose
flame structure includes a "dark zone" implying a finite-rate staged heat-release process.
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4. CONCLUDING REMARKS

The primary objective here was to develop a laboratory experiment capable of creating a controllable
environment for studying the marginal convective ignition behavior of various solid gun propellants,
particularly LOVA propellants. To help understand what happens during an anomalous ignition event in
a granular propellant bed, the experiment measures both static pressure and temperature of the gases within
the aggregate. The chamber apparatus is designed to generate a planar gas-phase wave to end-ignite a
confined granular propellant column and then permit simultaneous monitoring of gas-phase pressure (with
a series of wall-mounted transducers) and temperature (with fast-response thermocoupies protected inside
special steel holders protruding into the bed). A limited number of comparisons between 1-mil, 2-mil,
and 3-mil Type S thermocouples suggest that the 1-mil should probably be adequate for the transient
firwfield encountered here. However, in the current series of experiments, practical considerations forced
the use of 2-mil thermocouples whose reported temperatures could be low by possibly 200 K during the
initial 10-ms time interval. In general, the apparatus appears to be functioning as designed.
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The igniter-driven wave has approximately a 3-ms rise time and, depending upon bed permeability,
produces a gas pressure level of 2-3 MPa. Igniter strength in the dual-chamber experiment was held
constant, but the influence of the hot-gas ignition wave could be modified by adjusting the length of an
inert packed-bed buffer zone. Varying the length of this inert buffer zone causes both propellants to
exhibit a "plateau-then-runaway” pressure time-history which closely mimics the "hang-fire" behavior
observed by Chang & Rocchio (1988) in the 105mm gun simulator. Reproducing this behavior in a
controlled experiment was an important objective here. :

Results were obtained for two solid propellants, M30A1 and M43. The 7-perf cylindrical M30A1
grain is approximately twice the dimensions of the 19-perf cylindrical M43 LOVA grain; hence, the
packed bed formed by the large-grain M30A1 is more permeable than that formed by the smaller grain
MA43. In the chamber configuration with no buffer zone, "insensitive” M43 propellant ignites more readily
than M30A1 propellant. This fact serves to emphasize an important concept: Time to ignition in a
granular propellant bed is governed by competition between the “flow residence time” and the
“characteristic time for chemical reaction” (i.e., a Damkohler number). Although neither characteristic
time is determined here, the current results demonstrate that flow environment adjustments that increase
flow residence time and/or shorten the chemical reaction time will decrease the time to ignition. M43
provides a dramatic example; decreasing the length of the buffer zone causes time to ignition to change
from infinity (i.c., ignition fails) to 40 ms to less than 2 ms. The "plateau-then-runaway" pressure time-
history exhibited by both propellants cannot be simulated with the interior ballistics model (XKTC)
assuming instantaneous conversion of reactive solid into gaseous products with full energy release. It is
probable that, at these pressure levels, the finite-rate process that controls heat release during transient
propellant combustion is slow enough to be the rate-limiting event in this convective flow field.

The experiment provided measurements of gas-phase temperature before the onset of full combustion.
For the M30A1 propellant run which exhibits a 12-13 ms induction time, the mid-chamber thermocouple
reports gas temperatures rising to 1,200 K and then increasing to 1,600 K before combustion runs away.
For the M43 propellant run which exhibits a 40-ms induction time, gas temperatures at mid-chamber
suggest a propellant contribution stimulated by the passage of the igniter-driven wave. The initial
temperature pulse, however, is not sustained as values retreat into the range of 1,100 K to 800 K, but
combustion eventually is successful.




With reference to M43, note that the gas temperatures monitored in this convective flow experiment
during most of the 40ms-delay-case are near or just below the flame "dark zone" temperature [1200 K)
measured by Teague, Singh and Vanderhoff (1993) [see Table 3 on page 10] in a strand-bumer
environment. The existence of a dark zone suggests a finite-rate staged heat-release process, which could
become an additional liability during any attempt to establish a propellant flame zone in a convective flow.
The fact that M43 fails to ignite under conditions when M30A 1 is successful might be partially explained
by the difference in flame-zone structure. Although conclusive proof is lacking, the temperature
measurements and ignition behavior of M43 are consistent with the premise that the finite-rate process
controlling energy release in the convective flow is actually that of the propellant “dark zone.”
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